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ABSTRACT 

An analysis of twenty-four front side passes (after 
, the LOI-2 trajectory circularization maneuver) of Apollo 10 
CSM Doppler data was made using a version of the Osculating 
Lunar Elements Program which eliminates singularities of 
near equatorial, circular orbits. Solutions were obtained on 
a two pass regression zone/two pass propagation zone basis. 

The quality of the Apollo 10 data used in this analy- 
sis is of three types: free flight data, data containing 
attitude maneuvers and waste water dumps, and data contain- 
ing CSM maneuvers. Solutions obtained from the free flight 
data manifested a growth in Doppler errors of a factor of two 
from regression zone to propagation zone. Those obtained 
from data containing attitude maneuvers and waste water 
dumps possessed a growth factor of five. Those solutions 
obtained from data containing the CSM separation and evasive 
maneuver8 resulted in extremely large propagation zone 
Doppler errors . 

A local vertical comparison of five different pro- 
pagated solutions and their corresponding local regression 
zone solutions showed large dispersions in the cross track 
component. Attitude maneuvers present in three of the com- 
parisons resulted in large radial and down range errors. 
Comparisons made on the remaining two cases (free flight 
data) led to 50 - 9 0 %  smaller radial and down range errors. 
The presence of the large plane dispersions could be due to 
either the existence of attitude maneuvers in the data or the 

ar information. 
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In summary, it is felt that the POLAR program can 
do orbital estimation to sufficient accuracy for the Lunar 
Exploration Program LM landing requirements in the radial and 
down range directions if the computer program's assumption of 
no propulsion during the periods involved is fulfilled by the 
spacecraft. Even small thrusting, of magnitudes not normally 
measured by the spacecraft or reported to the MCC-H, will 
reduce this accuracy markedly. Out-of-plane, POLAR produces 
accuracy equal to or better than current MCC-H RTCC methods, 
but still a factor of 3 or 4 worse than required and un- 
predictably random. 
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TECHNICAL MEMORANDUM 

I. INTRODUCTION 

During the Lunar Parking Orbit (L.P.O.) phase of 
the Apollo 10 mission (post LOI-2 circularization maneuver) , 
twenty-eight front side passes of Command Service Module 
(CSM) Doppler tracking data were acquired by the Deep Space 
Network (DSN) and the Manned Space Flight Network (MSFN). 
An analysis of the first twenty-four passes of these data 
was made using the POLAR version of the Osculating Lunar 
Elements Program (O.L.E.P.). In order to maintain process- 
ing consistency between Real Time Computer Center results 
using the R2 lunar gravity field and those obtained from 
POLAR, these data were processed on a two pass regression 
zone and a two pass propagation zone basis. Post flight 
analysis of these data using POLAR is of special interest 
in light of the navigation problems encountered during 
the Apollo 11 lunar landing mission. This memorandum 
presents an analysis of the results obtained. 

11. MATHEMATICAL FORMULATION 

The basic concept of POLAR is the representation 
of some of the low-eccentricity orbital elements, a, ec = 

e cos W ,  e = e sin W ,  R ,  I, m = M + W ,  by linearly time- 
varying functions. In order to avoid the numerical singu- 
larities associated with near equatorial orbits, the low- 
eccentricity elements are defined in a pseudo selenocentric 
coordinate frame ( ? I )  which represents a truly equatorial orbit 
as a polar orbit. This transformation is accomplished by 
rotating the initial estimate of the selenocentric state at 
epoch (z)  through two of its associated Euler angles (Q, I) 
as follows: 

S 

, % A  

[E'] = [MI [?I 

and 
[MI 
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[MI = 

where : 

n A n A n 

-sin cos (I + 90) cos R cos (I + 90) sin (I + 90) 
res 

- 2 -  

A 

sin R 0 

n n A J Lsin (i + 90) sin i -sin (I + 90) cos R cos (I + 90) 

n A 

Since the original estimates for i l  and I are close 
to their converged values, it is only necessary to make this 
transformation once prior to beginning the orbit determination 
process; i.e., Q and I are constants. 

During the data reduction or orbit determination, 
estimates are obtained for both the six low-eccentricity 
elements and some of their corresponding linear time dependent 
terms. The actual data reduction is accomplished using a 
classical least squares algorithm which minimizes the error 
squared or residual obtained from processing k observations 
by differentially correcting the n solution parameters {ail 
as follows: 

n A 

1-l k 

n 

where: A X  (ti) = X (ti) - h (ti) 
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In this expression Aa is the differential correction i 
vector (n X 11, J (ti) is a row vector (1 X n) containing the 
partial derivatives of the observable with respect to the para- 
meters which are to be estimated (evaluated at time ti), 
JT is the transpose of the J vector, W (ti) is the weighting 
matrix (1 X 11, X (ti) is the ti th Doppler observation, and 
X (ti) is the estimated observable at time ti. 

the case of n (t) = Go + R1 t) is given by the chain rule for 
differentiable functions as follows: 

A 

A typical entry to either the J or JT vector (consider 

A axi ax  
axi ax' 

j 

- -  

In this expressi.cn 

tives of the observable with 

_. a x ' j  _. an an anl 

A 

A aii axlj an a x  
aii a i l  an anl - + - -  - 

j 

( 3 )  

ti 

; A  d A  are the partial deriva- - ar,d - 
axi aii 
respect $0 the selenocentric position 

and velocity respectively, -1 ax. and ,i ax are partial derivatives 
ax' ax' 

j j 

selenocentric position and velocity, - ax' j and s ' j  the partial 
of selenocentric position and velocity with respect to the pseudo 

derivatives of the pseudo selenocentric position and velocity 
with respect to the particular orbital element in question 
(longitude of the ascending node in this case), - is the 
partial derivative of the orbital element with respect to the 
parameter to be estimated. Each partial derivative appearing 
in equation ( 3 )  is evaluated at some time ti. 

an an 

The first step in formulating the estimated observable, ,. 
A 

at time ti. 
(ti), is to evaluate the low-eccentricity elements 

The resulting orbital state is then converted to 
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. 
the pseudo selenocentric state, E' and E', using the classical 
orbital to state equations.' 
is transformed into the selenocentric state as follows: 

The pseudo selenocentric state 

The vehicle position and velocity in selenocentric 
coordinates cgn be transformed to earth-referenced topocentric 
coordinates, X" , as follows: 

n 

. . .i Zt1 = x + Ee - xs (5) 

. 
where Ee and 2, are ephemeral position and velocity of the moon's 
center with respect to that of the earth, and Fs and xs are 
position and velocity of the tracking station. The estimated 
observable, A ,  can now be expressed in terms of the topocentric 
state of the vehicle as follows: 

A 

h A 

A = A (XI', 2'1, 

The processing of k Doppler observations and the result- 

The convergence criterion for any two 
ing set of differential corrections { A a .  1 constitute one com- 
puting iteration. 
successive iterations is as follows: 

1 

1. Kaula, W. M., Theory of Satellite Geodesy, Blaisdell 
Publishing Company, Waltham, Massachusetts, pp. 23-24. 
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where 6 is a small positive number (lo-*) and (1-1) and (I) 
designate the (1-1) and (I) computing iterations. 

The semi-major axis does not appear in POLAR as an 

+ ml t) is used 
explicit solution parameter. The estimate for the linear 
portion of the modified anomaly ( m (t) = m 
to imply a corresponding semi-major axis by using the classical 
Kepler relationship: 

0 

or: 

a =  

. 

1 
3 1 

where p is the Newtonian constant times the lunar mass. 
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111. ANALYSIS OF RESULTS 

The v e h i c l e  s t a t e  i n  l u n a r  o r b i t  ( r e fe renced  t o  t h e  
pseudo s e l e n o c e n t r i c  coord ina te  frame) i s  r ep resen ted  by a 
fundamental parameter s e t  c o n s i s t i n g  of t h e  fo l lowing  n i n e  
parameters  : 

e (t) = eco + ecl t 

e ( t)  = eso + e t 
S sl 
n 

C 

( t)  = Ro + Rl t 
I ( t)  = Io 

m (t) = mo + ml t 

Changes t o  t h e  semi-major a x i s ,  from i t e r a t i o n  t o  
i t e r a t i o n ,  are made through t h e  Kepler r e l a t i o n s h i p  given i n  
equat ion  ( 8 ) .  These parameters model t h e  f r e e  f l i g h t  t r a j e c t o r y  
of t h e  v e h i c l e  i n  l u n a r  o r b i t .  

The f r e e  f l i g h t  (absence of p ropu l s ive  e f f e c t s )  
q u a l i t y  of t h e  Doppler t r ack ing  d a t a  acqui red  by t h e  D S N  and 
MSFN must be e s t a b l i s h e d  p r i o r  t o  proceeding wi th  t h e  a n a l y s i s .  
The Apollo 1 0  d a t a  u t i l i z e d  can be c h a r a c t e r i z e d  as  fo l lows:  

1. Data acqui red  from CSM f r e e  f l i g h t .  

2 .  Data acqui red  during CSM w a t e r  dumps and dur ing  
1 coupled and uncoupled maneuvers. 

3. Data acqui red  during CSM AV Se rv ice  Propuls ion 
System (S.P.S.)  burns. 

The w a s t  water  dumps occurred  a t  t h e  end of pass  
Number 9 and between passes  Number 25 and 9 6 . 2  
a t t i t u d e  maneuvers performed by t h e  CSM took p l ace  dur ing  pass  
Numbers 4 ,  13 ,  24-27, and 3 0 . ~  
p l a c e  dur ing  pass  Number 11. The CSM s e p a r a t i o n  maneuver and 

The coupled 

An uncoupled maneuver took 

1. Maneuver r e s u l t s  i n  CSM r o t a t i o n  and t r a n s l a t i o n .  

2 .  ApOllO 10/AS-505 MSFN Metric Trackinq Performance, 
Goddard Space F l i g h t  Center ,  Greenbel t ,  Maryland, May 1 9 6 9 ,  
X-832-69-224, pp. 63-65. 

3 .  Uncoupled a t t i t u d e  maneuvers could have a l s o  taken  
p l a c e  dur ing  t h e s e  passes  i f  t h e  quad f u e l  became unbalanced 
o r  i f  t h e  c r e w  used t h e  minimum impulse hand c o n t r o l l e r .  
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t h e  CSM evasive maneuvers took p l a c e  du r ing  p a s s e s  N u m b e r  1 2  

and 17 r e spec t ive ly . '  
POLAR and t h e  RTCC o r b i t  de te rmina t ion  program showed p o s s i b l e  
p r o p u l s i v e  e f f e c t s  between passes  Number 5 and 6 and du r ing  
p a s s  Number 23. 
v e n t s  i s  g iven  i n  Table I. 

The process ing  of Apollo 1 0  d a t a  by both 

A summary of t h e s e  maneuvers and' p ropu l s ive  

The t w o  pas s  propagat ion zone errors obta ined  f r o m  t h e  
POLAR process ing  of Apollo 1 0  d a t a  are a d i r e c t  f u n c t i o n  of t h e  
f r e e  f l i g h t  q u a l i t y  of t h e  Doppler. I n  each of t h e  cases consid-  
e r e d ,  when p ropu l s ive  t h r u s t s  occur red  i n  e i t h e r  t h e  r e g r e s s i o n  
zone o r  t h e  propagat ion zone, t h i s  n a t u r a l l y  r e s u l t e d  i n  l a r g e r  
Doppler errors. The Doppler errors ob ta ined  f r o m  each t w o  p a s s  
r e g r e s s i o n  zone/two pass  propagat ion zone are shown i n  F igu res  1 - 2 2 .  
These f i g u r e s  are p resen ted  t o  show t h e  Doppler error growth 
c h a r a c t e r i s t i c s  f o r  each of the  s o l u t i o n s  obta ined .  

a. Analys is  of Free  F l i q h t  Data 

Of a l l  t h e  Apollo 1 0  d a t a  used i n  t h e  a n a l y s i s  on ly  
f o u r  t w o  p a s s  r e g r e s s i o n  zone ( R Z ) / t w o  p a s s  propagat ion zone (PZ) 
s o l u t i o n s ,  6-7 -+ 8-9, 7-8 + 9-10, 18-19 -+ 20-21,  and 19-20  -+ 

21-22 ,  (See F igu res  4 ,  5 ,  1 6  and 1 7 )  show nea r  f r e e  f l i g h t  q u a l i t y .  
( P a s s  Number 9 c o n t a i n s  a w a t e r  dump,) Each of t h e s e  s o l u t i o n s  
i s  c h a r a c t e r i z e d  by s m a l l  r e g r e s s i o n  zone errors (peak-to-peak 
about  0.8 f p s )  and s m a l l  propagat ion zone errors (1.5 f p s  peak- 
to-peak or  less) .  The 6-7 + 8-9 (Figure 4 )  s o l u t i o n  i s  of 
p a r t i c u l a r l y  good q u a l i t y  and posses ses  t h e  l eas t  growth i n  errors 
from RZ t o  PZ of a l l  t h e  d a t a  analyzed.  

b. Analys is  of Data Containing A t t i t u d e  Maneuvers and Water Dumps 

The s o l u t i o n s  obta ined  f o r  pas ses  3-4 + 5-6, 4-5 + 6-7 ,  
5-6 + 7-8, 8-9 -+ 10-11, 13-14 + 15-16, 20-21  -+ 22-23, 21-22 + 

23-24, 22-23 -+ 24-25, 23-24 -+ 25-26, and 24-25 + 26-27 (.See 
F i g u r e s  1, 2 ,  3 ,  6 ,  11, 18,  1 9 ,  2 0 ,  2 1 ,  and 2 2 )  c o n t a i n  e i t h e r  
s o m e  CSM a t t i t u d e  maneuvers o r  water dumps i n  e i t h e r  t h e  
r e g r e s s i o n  zone o r  t h e  propagat ion zone. Again each of t h e s e  
s o l u t i o n s  i s  c h a r a c t e r i z e d  by s m a l l  r e g r e s s i o n  zone errors 
(about  0.8 f p s  peak-to-peak); however, i n  t h i s  case t h e  propa- 
g a t i o n  errors grow by about  a f a c t o r  of f i v e  over those  of 
each r e g r e s s i o n  zone (maximum peak-to-peak errors of about  5 f p s ) .  
The presence  of t h e  a t t i t u d e  maneuvers i n  t h e  Doppler d a t a  may 
be r e s p o n s i b l e  f o r  t h i s  l a r g e  error growth rate. 

c. Analys is  of Data Containing CSM/SPS Maneuvers 

The s o l u t i o n s  obtained for  passes  9-10 + 11-12 ,  10-11 -+ 

12-13, 11-12 + 13-14, 12-13 + 14-15 (See F igu res  7-10) and passes  
14-15 -+ 16-17 ,  15-16 + 17-18, 16-17 + 18-19, 17-18 + 19-20  (See 
F ig .  12-15) c o n t a i n  t h e  CSM s e p a r a t i o n  (pas s  1 2 )  and evas ive  maneuvers 

1. Apollo 10/~S-505 MSFN Metric Tracking Performance, pp. 46-47 .  
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(pas s  17) r e s p e c t i v e l y  i n  e i t h e r  t h e  r e g r e s s i o n  o r  propagat ion  
zones. Each of t h e s e  s o l u t i o n s  posses ses  s m a l l  r e g r e s s i o n  
zone e r r o r s  (about  0.8 f p s  peak-to-peak).  T h e  propagat ion  zone 
Doppler errors associated with each of t h e s e  r e g r e s s i o n  zones 
are extremely l a r g e  s i n c e  no  AV has  been modeled i n  t h e  POLAR 
equa t ions  of motion. I t  is i n t e r e s t i n g  t o  n o t e  t h a t  when each 
of these groups of p a s s e s  i s  examined i n  con junc t ion  wi th  a l l  
t h e  other s o l u t i o n s  obta ined ,  t h e  e f f e c t  of t h e  CSM maneuvers 
becomes r e a d i l y  apparent .  The occurrence of a maneuver i n  t h e  
f i r s t  p a s s  of a t w o  pas s  r e g r e s s i o n  zone i s  less c r i t i c a l  than  
one i n  t h e  second pass. (See F igures  1 0  and 15.) 

A compilat ion of t h e  s t a t i s t i c a l  q u a l i t i e s  (mean, 
s t anda rd  d e v i a t i o n ,  and r o o t  sum of squa res )  of both  t h e  
r e g r e s s i o n  and propagat ion zone errors is given i n  Table 11. 

I V .  LOCAL SOLUTION COMPARISON 

I n  o r d e r  t o  analyze t h e  forward propagat ion c h a r a c t e r -  
i s t i c s  of a t w o  pas s  POLAR s o l u t i o n ,  a comparison w a s  made i n  
a local  v e r t i c a l  coord ina te  frame (U-radial ,  V-down range ,  W-out 
of p l ane )  among t h e  s e v e r a l  two pass  propagat ion  zone s o l u t i o n s  
and t h e  corresponding t w o  pas s  l o c a l  s o l u t i o n s .  I n  a l l  cases 
t h e  l o c a l  s o l u t i o n  w a s  considered as the s t anda rd  s i n c e  it 
minimizes t h e  r e s i d u a l s  associated wi th  t h e  Doppler observable .  

Comparisons were made among f o u r  pre-DO1 s o l u t i o n s  and 
C I C  A h  

one p o s t  D O 1  s o l u t i o n ;  3-4 -+ 5-6 versus 5-6, 4-5 7 6-7 V e i s u s  

6-7, 5-6 -f 7-8 ver sus  7-8, 6-7 -+ 8-9 ver sus  8-9, 18-19 -+ 20-21 
v e r s u s  20-21. ( A i n d i c a t e s  propagat ion zone) .  The f i rs t  three 
comparisons made involve  passes  which inc lude  a t t i t u d e  maneuvers 
i n  t h e  r e g r e s s i o n  zone. 

h A  A h  , . A  

The table  below p r e s e n t s  t he  maximum d e v i a t i o n s  
( 6 U ,  6V,  6 W )  ob ta ined  i n  local ve r t i ca l  coord ina te s  f o r  t h e  
f i v e  cases cons idered:  

Passes: 
A h  

5-6 VS. 5-6 1900 
A h  

6-7 VS. 6-7 

7-8 VS. 7-8 

8-9 VS. 8-9 

A A  

A h  

1100 

1800 

215 
A A  

20-21 v s .  20-21 700 

( fee t )  

8650 

4970 

10,000 

875 

1700 

2175 

15,600 

23,500 

6800 

9700 
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The effects of the attitude maneuvers can most 
clearly be seen in the radial and down range deviations 
obtained for the first three comparisons. 
cases both the radial and down range errors become smaller by 
50 to 90%. In all cases considered (with the exception ot 
the first), the out of plane errors obtained were extremely 
large. These errors may reflect the effects of the attitude 
maneuvers, or they may be a manifestation of the Doppler 
insensitivity to the planar elements (I and 52). 

In the last two 

V. CONCLUSIONS 

Twenty four passes of CSM Doppler tracking data 
acquired by the MSFN and DSN were analyzed using POLAR on a 
two pass regression zone and two pass propagation zone basis. 
The fundamental parameter set used in the POLAR processing of 
Apollo 10 data consists of the following nine parameters: 
e so' esl, ecor ecy " 0 '  " 1 '  Io' m and ml' 

0' 

Solutions obtained on free flight Apollo 10 data 
possessed a growth in Doppler errors from the regression zone 
to propagation zone of a factor of two or less. The solutions 
from data containing either attitude maneuvers or waste 
water dumps manifested an error growth rate from regression 
zone to propagation zone of a factor of five. The solutions 
obtained from data containing the CSM separation and evasive 
maneuvers led to extremely large propagation errors. 

A comparison of five POLAR propagated solatioiis with 
their respective local regression zones was made in local 
vertical coordinates. The attitude maneuvers present in three 
of the comparisons led to larger radial and down range errors. 
The comparisons made on the two remaining cases (free flight 
data) led to 50 to 90% smaller radial and down-range errors 
of the order of 500 and 1200 ft. respectively at the end of 
two passes of forward propagation. In four of the five cases 
considered large plane deviations were experienced. The 
presence of these plane inconsistencies could be due to the 
attitude maneuvers or the lack of senoitivity of the 
Doppler data to planar information (1,Q). 

In summary, it is felt that the POLAR program can 
do orbital estimation to sufficient accuracy for the Lunar 
Exploration Program LM landing requirements in the radial and 
down range directions if the computer program's assumption of 
no propulsion during the periods involved is fulfilled by the 
spacecraft. Even small thrusting, of magnitudes not normally 
measured by the spacecraft or reported to the MCC-H, will 
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reduce this accuracy markedly. Out-of-plane, POLAR produces 
accuracy equal to or better than current MCC-H RTCC methods, 
but still a factor of 3 or 4 worse than required and un- 
predictably random. 

#*z u & 4  
M. V. Bullock 

2014-AJF-k~~ MVB 

Attachments 
Table 1-11 
Figures 1-22 
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A. J. Ferrari 
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** A ? *  * 

TABLE I 

* 

Apollo 10 Maneuvers and Propulsive Thrusts 

* 

Pass No. 3 4 5 6 7 8 9 10 11 12 13 14 

* * * ** 

27 28 29 30 31 

A 

* 
**  

t 

Uncoupled Maneuver 

Coupled Maneuver 

Water Dump 

Powered Flight 

Speculate Maneuver of Some Kind 
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TABLE I1 

Pass 
N o .  

3 1 4  
4 1 5  
516 
6,7 
7,8 
8,9 
9,lO 

10 , 11 
11 , 12 
12 I 13 
13,14 
14,15 
15 I 16 
16 I 17 
17 I 18 
18 I 19 
19,20 
20,21 
21 , 22 
22 I 23 
23,24 
24 I 25 

Meal 
R.Z. 

.OllO 
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2.608 
1.138 
1.581 
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